The proliferation rate and differentiation state were investigated in porcine inner cell masses (ICMs) and epiblasts in vitro. ICMs isolated from early blastocysts (Day 7 of pregnancy) and epiblasts isolated from preelongated blastocysts (Day 11 of pregnancy) were cultured for up to 5 days in the presence of human leukemia inhibitory factor (hLIF) (1000 U/ml). The proliferation rate was evaluated by determination of the percentage of cells in S-phase. The differentiation state was determined by studying the expression of the stage-specific embryonic antigen-1 (SSEA-1), a marker for undifferentiated murine embryonic stem (ES) cells, and the expression of laminin and cytokeratins 8/18, markers of ES cell differentiation. The staining pattern showed that freshly collected Day 11 epiblasts appeared undifferentiated but rapidly lost this characteristic in vitro. A decrease in the proliferation rate was also observed during culture. This decrease was reduced in the presence of high concentrations of hLIF (optimal concentrations: 5000 U/ml). Conversely, treatment of Day 11 epiblast cells with retinoic acid, an agent known to induce differentiation in murine ES cells, caused a dramatic decrease in the proliferation rate in vitro. In contrast to Day 11 epiblasts, Day 7 ICMs expressed SSEA-1 in vitro and showed a higher proliferation rate (p < 0.01). However, their proliferation rate also decreased during culture and following trypsinization.
INTRODUCTION
Embryonic stem (ES) cells isolated from the inner cell mass (ICM) of preimplantation mouse embryos can be maintained as stable cell lines in culture [1, 2] . They are capable of generating germ-line chimeras following reintroduction into the blastocyst [3] . The technologies for the derivation and genetic manipulation of murine ES cells are now well established. The extension of these technologies to domestic species, specifically to the pig, would be of considerable experimental and practical interest, given the immunological and physiological similarities that exist between pigs and humans. Isolation of putative pluripotent cells from preimplantation porcine embryos has been reported [4] [5] [6] [7] [8] [9] [10] [11] . However, none of these were shown to produce definitively established chimeric offspring after longterm culture.
The difficulties encountered in obtaining genuine lines of undifferentiated cells in the pig may be due to differences between the mouse and pig in the timing of embryo Accepted May 19, 1997 . Received October 16, 1996 . 'This work was supported by grants from "Ministbre de la Recherche et de I'Enseignement Sup6rieur" and from the European Union, contract no. BO2-CT92-0358. development, notably in the time lag between hatching and implantation of the blastocysts. This period is prolonged in the pig and is characterized by the expansion and the dramatic elongation of the blastocyst. It is also characterized by the differentiation of the ICM into primitive endoderm and embryonic ectoderm (epiblast) just after hatching, by the progressive differentiation of epiblast cells before elongation, and by the formation of mesoderm before implantation [12, 13] .
Some relationships exist between cell cycle and differentiation during early mammalian embryogenesis; for example, it has been shown that the stem cells of early rodent embryos proliferate very rapidly [14] [15] [16] [17] but show gradual changes in their cell cycle distribution and duration as embryogenesis proceeds [18] . These changes mark the major transitions occurring during early embryo development that are associated with the various steps of embryonic tissue differentiation. Similarly, undifferentiated ES cells and the closely related embryonal carcinoma (EC) cells, which both share with the epiblast cells of the embryo the capacity to differentiate into a variety of different cell types, have been shown to be highly proliferating cells [19, 20] . Differentiation of ES and EC cells in vitro results in a marked decrease in proliferation rate and change in morphology, suggesting that a specific cell cycle regulation is involved in controlling the undifferentiated phenotype.
The objective of this study was to investigate whether such changes in the proliferation rate occur during culture of porcine embryo-derived cells and reflect the differentiation state of the cells, and whether this proliferation rate depends on the stage of the donor blastocyst.
MATERIALS AND METHODS

Animals and Embryos
Large white and Meishan cyclic gilts were used as the source of embryos. The gilts were treated with oral Regumate (Hoechst Roussel Vet, Romainville, France; 20 mg/day) for 18 days. Estrous activity was observed daily for 5-6 days after the end of the treatment; gilts exhibiting estrus were inseminated at the first day of estrus (Day 0 of pregnancy) and again 24 h later with freshly diluted semen. Animals were slaughtered at Day 7 or Day 11 of pregnancy, and blastocysts were recovered by flushing each uterine horn with 2 x 20 ml of PBS containing 5% horse serum (Gibco Life Technologies, Cergy-Pontoise, France).
Isolation of ICMs and Epiblasts
Day 7 blastocysts were processed as follows. Zona pellucidae of unhatched blastocysts were removed by a 1-2-min digestion with 0.05% pronase (v:v) in Dulbecco's Modified Eagle's medium (DMEM; Gibco Life Technologies) at 38°C. The embryos were washed three times in DMEM. Day 7 ICMs were isolated by immunosurgery, using a monoclonal antibody (SN1/38) specifically raised against porcine trophectodermal cells (kindly provided by A. Whyte, Cambridge, UK [21] ). Blastocysts were incubated for 1 h at 38 0 C in the presence of SN1/38 diluted 1: 20 in DMEM. The blastocysts were washed through three drops of DMEM with 10% fetal calf serum (FCS; Gibco Life Technologies) and incubated at 38 0 C for 30-45 min in goat serum as a source of complement. The blastocysts were washed four times, and lysed cells were removed by repeated aspiration; the ICMs were cultured on feeder layers of y-irradiated porcine fetal fibroblasts in 4-well culture dishes (Gibco Life Technologies).
Day 11 blastocysts were processed in the following manner. To study the different layers of Day 11 blastocysts before culture, epiblasts surrounded by their trophectoderm, as well as the endodermal layer, were directly spread and fixed on glass slides. To study epiblasts during culture, epiblasts were isolated mechanically: the trophectoderm layer surrounding the ICMs was dissected away with fine needles. The epiblasts were then exposed by tearing back the endoderm. Day 11 epiblasts were cultured on feeder layers as described for Day 7 ICMs.
Cell Cultures
Preparation of fetal fibroblasts. Fetal fibroblasts were obtained from 30-day-old porcine fetuses as previously described [22] and were grown in DMEM supplemented with 15% (v:v) FCS. Porcine fetal fibroblasts (PFF) used to prepare feeder layers (up to the tenth passage) were inactivated by y-irradiation (3000 rads) in 35-mm tissue culture dishes (Nunclon) and used within a week of preparation.
Culture of ICM-and epiblast-derived cells. Isolated ICMs and epiblasts were cultured in 4-well tissue culture plastic ware (Nunclon) containing the feeder layer, at 38°C in 5% CO 2 in a humidified atmosphere. The culture medium was composed of DMEM containing 10% (v:v) FCS, 0.1 mM -mercaptoethanol (Sigma, l'Isle d'Abeau Chesnes, France), penicillin (100 IU/ml)/streptomycin (100 ,ug/ ml) (Sigma), and human recombinant leukemia inhibitory factor (hLIF; 1000 U/ml; PeproTech Inc., Rocky Hill, NJ). FCS batches were selected that supported optimal growth of established murine ES cell lines. ICMs and epiblasts were analyzed after 1-2 days or 5 days in primary culture (passage 0). In some cases, fully grown ICMs and epiblasts were trypsinized after 2 days of primary culture by adding 0.25% trypsin (T 1005; Sigma) to the wells and gently replacing the trypsin solution with fresh medium. Disaggregated outgrowths were picked off the feeder layer with a finely drawn pipette and were transferred to new pregelatinized culture wells (gelatin 0.1% in water) (passage 1). Cells were cultured for 1 day to be finally analyzed. In other cases, epiblast outgrowths were trypsinized after 2 days of primary culture, cultured for 2 days, trypsinized again (passage 2), cultured for 1 day, and analyzed. Culture medium was changed every day.
Spontaneous differentiation. Three to five days after trypsinization (after passage 1 or passage 2), a phenomenon of spontaneous differentiation occurred in cultures of Day 11 epiblast cells. These cultures, which contained mainly spontaneously differentiated cells, were trypsinized, seeded at a density of 1 x 104 cells/cm 2 in pre-gelatinized Lab-Tek chamber slides (Nunclon), and cultured for 1 day in DMEM containing 10% FCS and 1000 U/ml of hLIE These epiblastderived cells, which appeared morphologically differentiated 3-5 days after passage 1, were compared to epithelial-like cells harvested 1 day after passage 1. Similarly, cells that appeared differentiated after passage 2 were compared to epithelial-like cells harvested 1 day after passage 2.
Culture of endoderm-derived cells. The primitive endoderm was isolated, plated on pre-gelatinized Labtek chamber slides, and cultured for 1-2 days in DMEM containing 15% (v:v) FCS.
Human LIF Concentrations
The effect of hLIF was assessed by culturing epiblasts at passage 0 for 1-2 days or 5 days in the presence of 2000, 5000, or 10 000 U/ml of hLIF
Retinoic Acid (RA) Treatment
Epiblasts were seeded on PFF and cultured for 1-2 days in DMEM+hLIF (1000 U/ml). Cells were trypsinized and plated on pre-gelatinized Lab-Tek chamber slides at a density of 1 x 104 cells/cm 2 . They were cultured for 24 h in DMEM+hLIF (1000 U/ml) (Day 1 of culture) and then cultured for 24 h without hLIF (Day 2 of culture). RA (Sigma) was then added at various concentrations (10 -8 M, 10 -7 M, and 10 6 M) to the culture medium, and cells were fixed at Day 3, Day 4, and Day 5 of culture, i.e., after 1, 2, and 3 days of RA treatment, respectively (see Fig. 1 ).
In order to determine whether RA acted on differentiated cells, fetal fibroblasts were also treated with RA: RA (10-6 M) was added to the culture medium 24 h after seeding. The duration of RA exposure is indicated in Results.
Cell Proliferation Rate
The proliferation rate of the cells was investigated by determining the percentage of cells synthesizing DNA. ICMs and epiblasts were cultured in Lab-Tek chamber slides either from the start of the primary culture (one epiblast or ICM per well), or after the first or the second trypsinization (104 cells/cm 2 ), to monitor the percentage of cells in the S-phase of the cell cycle at passage 0, or after passage 1 and passage 2. Before the end of the culture, 0.5 fCi/ml of [ 3 H]thymidine ([ 3 H]TdR; specific activity, 20 Ci/mmol; Dupont de Nemours NEN, Les Ulis, France) was added to each well for 1 h (400 il/well); this was followed by one wash with DMEM. The cells were then fixed in absolute ethanol at -20 0 C for 10 min, washed again in PBS, counterstained with hematoxylin, and processed either for autoradiography or for labeling of cell antigens combined with [ 3 H]TdR incorporation. The same protocol was used to study endoderm cells derived from Day 11 blastocysts and fibroblasts derived from Day 30 porcine fetuses. For autoradiography, slides were dipped in autoradiographic K5 emulsion (Ilford, St Priest, France), diluted 1:2 in sterile water, and developed after 6 days' exposure at 4°C in a desiccation box. For each experiment, 50-100 fields were randomly chosen, and [
3 H]TdR-positive (A) or -negative (B) nuclei were counted. The percentage of cells syn- thesizing DNA (labeling index, LI) was calculated as follows: LI = [A/(A+B)] x100.
Immunocytochemistry
The expression of each of three markers, i.e., the stagespecific embryonic antigen 1 (SSEA-1), laminin (LN), and cytokeratins 8/18 (CK8/18), was studied by an indirect immunoperoxidase technique. To study expression of the antigens in fresh Day 11 blastocysts, the epiblast and trophectoderm layer were isolated and directly spread and fixed on glass slides with absolute ethanol at -20°C for 10 min. Cultured cells were fixed in the same way. Fixed tissue or cultured cells were incubated with various immunocytochemical reagents as described below. They were washed in PBS + 0.1% saponin (Sigma) + 0.1% BSA (Sigma) between the different stages (three rinses, 10 min each); all incubation steps with primary antibodies were overnight at 4°C in PBS+0.1% saponin+0.1% BSA. Incubation with secondary antibodies was for 4 h at room temperature. 1) To block endogenous peroxidase activity, slides were incubated in 0.3% H 2 0 2 in PBS for 30 min at 4°C. 2) The primary antibody was added; antibodies used were the monoclonal antibody to SSEA-1, diluted 1:15, derived from a hybridoma and provided by the University of Iowa, Ames, IA (MC-480); the mouse monoclonal antibody NCL-5D3 against human CK8/18 (Novocastra Laboratories Ltd., Newcastle/Tyne, UK) diluted 1:10; and the antibody against LN (Diagnostics Pasteur, Marnes La Coquette, France) diluted 1:500. 3) Slides were then incubated with the appropriate secondary antibody as follows: for SSEA-1, the goat antibody against mouse polyvalent immunoglobulin (IgG, A, M)-peroxidase conjugate (Sigma), diluted 1: 250; for CK 8/18, a biotinylated secondary antibody, diluted 1:800, and avidin/biotinylated horseradish-peroxidase complex (Vectastain ABC system; Vector Laboratories, Burlingame, CA); for LN, the goat antibody to rabbit IgG peroxidase conjugate (Diagnostics Pasteur). To develop the peroxidase reaction, a fresh solution of 0.02% 3,3'-diaminobenzidine tetrahydrochloride in 50 mM Tris-HCl buffer, pH 7.8, with 0.02% H 2 0 2 was added for 9 min. Controls with no primary antibodies were consistently negative. For labeling for [ 3 H]TdR in combination with cell antigens, cells were incubated in [ 3 H]TdR for 1 h, then stained immunocytochemically, and finally processed for autoradiography.
Statistical Analysis
All experimental data are expressed as the mean ± SEM. Data were examined by a nonparametric analysis. The Mann-Whitney U-test was used for comparisons between two populations, and Kruskal-Wallis tests were used to compare medians of more than two populations (SYS-STAT; Ver. 5.0; Systat Inc., Evanston, IL).
RESULTS
Morphological Observations and Expression of SSEA-1, CK8/18, and LN
Day 11 blastocysts. In order to assess the differentiation state of freshly isolated and cultured epiblast, we studied the expression of three different markers available in the mouse: a marker for undifferentiated murine ES cells, i.e., SSEA-1, or markers for their differentiated derivatives, i.e., CK8/18 and LN. After spreading and fixation on a glass slide, freshly dissected epiblast exhibited positive immunostaining on the cell surface for SSEA-1, while its surrounding trophectodermal layer, as well as the endodermal layer, was negative for this antigen (Fig. 2a and Table 1 ). In contrast, epiblast was negative for expression of CK8/ 18, a component of the cytoskeleton of differentiated polarized cells expressed only in trophectoderm and endoderm ( Fig. 2b and Table 1 ). Expression of LN, a factor of the extracellular matrix expressed in differentiated endoderm-like cells, was not detected in freshly isolated epiblast and trophectoderm but was detected in the freshly isolated primitive endoderm layer (Table 1) . We then addressed the staining pattern of epiblasts in vitro. Epiblasts were seeded on a monolayer of mitotically inactivated fetal fibroblasts in the presence of 1000 U/ml of hLIE They attached to the feeder layer within 24 h. After 1-2 days of culture the epiblast outgrowths, in comparison to endoderm and trophectoderm cells, were composed of a homogeneous population of epithelial-like cells, with distinct cell borders and a high nucleocytoplasmic ratio (Fig.  2c) . Analysis of the expression of the three markers showed that the staining pattern of Day 11 epiblasts in culture differed from that observed immediately following dissection. Although the cell surface antigen SSEA-1 was found to be expressed in some Day 11 epiblast cells (Table 1) , we observed that after plating, epiblast cells exhibited positive staining for anti-CK8/18 and LN (Fig. 2, d and e) . The morphology and staining pattern of epiblast cells cultured for 5 days in the same conditions (1000 U/ml of hLIF) were similar ( Table 2) .
Because epiblast and primitive endoderm are the first layers arising from the differentiation of the ICM, we also studied the in vitro characteristics of primitive endoderm isolated from Day 11 blastocysts. After 2 days in culture, endoderm was composed of closely knit, polygonal cells of regular shape. As for cultured epiblasts, CK8/18 and LN staining was observed in the endoderm outgrowths after 2 days in culture. In contrast, trophectoderm-derived cells did not show any staining for LN (Table 1) .
To determine whether higher concentrations of hLIF lead to a change in the differentiation state, epiblasts were cultured for 1-2 days or 5 days in the presence of increasing concentrations of hLIF (2000, 5000, and 10 000 U/ml). A study of the expression of the three markers showed that characteristics of epiblasts were identical irrespective of the concentration of hLIF used (Table 2) : an increase in hLIF concentration did not seem to promote either an increase in SSEA-1 expression or a decrease in LN or CK8/18 expression. Moreover, no changes in the morphology of the cells were observed (data not shown).
We then addressed the expression of the markers 1 day after trypsinization of Day 11 epiblasts. It appeared that although these cells exhibited an epithelial-like morphology, SSEA-1 expression was completely lost as early as the first trypsinization. Furthermore, all the cells that were an- alyzed, either after passage 1 or after passage 2, were positive for CK8/18 and LN (Table 2) .
It is noteworthy that epiblast cells exhibited an epithelial-like morphology not only in primary cultures-at least for 5 days-but also after a first and a second trypsinization. However, after trypsinization, this epithelial-like morphology was rapidly lost with time in culture. Indeed, epiblast cells spontaneously differentiated 3 to 5 days after trypsinization. When these cells were harvested and analyzed, a heterogeneous population of morphologically differentiated cells could then be observed. These cells exhibited variable shapes and were characterized by an enlarged and flattened morphology. Immunostaining of such cultures revealed that all cells were negative for SSEA-1 but positive for LN; some of them were negative for CK8/18 ( Table  2) .
To induce differentiation, epiblasts were treated at passage 1 with variable concentrations of RA (10 8 M, 10 7 M, and 10 6 M) (Fig. 1) . After 3 days of RA treatment, irrespective of the concentrations used, the morphology of the cells was altered. The cells closely resembled those derived from Day 11 primitive endoderm in primary culture, and they expressed CK8/18 and LN. Furthermore, all cells failed to express SSEA-1 (Table 2) .
Day 7 blastocysts. The ICMs of Day 7 porcine blastocysts were isolated from trophectodermal cells by immunodissection. When cultured on PFF in the presence of 1000 U/ml of hLIF, Day 7 ICMs formed small colonies composed of polygonal cells with distinct cell borders and a high nucleocytoplasmic ratio (Fig. 3a) . As opposed to Day 11 epiblasts, which rarely expressed SSEA-1 in culture, 57 2% of Day 7 ICM cells expressed the SSEA-1 antigen after 5 days in culture (Table 3) . Some colonies also expressed CK8/18; we do not know, however, whether some cells could express both SSEA-1 and CK8/18 simultaneously.
DNA Synthesis
In order to evaluate the proliferation rate of epiblasts and ICM-derived cells in culture, the percentage of cells syn- thesizing DNA (LI), i.e., in S-phase of the cell cycle, was determined by incorporation of [ 3 H]TdR during a 1-h pulse. Day 11 epiblasts. The percentage of cells synthesizing DNA was first determined in Day 11 epiblasts cultured in the presence of 1000 U/ml of hLIF These cells were shown to exhibit an epithelial-like morphology. After 1-2 days of culture, their LI equaled 47 7% and was thus similar to the LI found in primitive endoderm (40 2%) . However, when cultures were extended to 5 days, the LI decreased (p < 0.05) (Fig. 4) . It then equaled 25.5 5%, similar to the LI found in porcine fibroblasts (LI, 21 1%) ( Table  4) .
In some cases, epiblast outgrowths were trypsinized and cultured for 1 day after a first or second trypsinization in the presence of 1000 U/ml of hLIE Although these cells still exhibited an epithelial-like morphology, their LI significantly decreased after the first trypsinization (passage 1) (LI, 26 1%) and the second trypsinization (passage 2) (LI, 17 + 5%) in comparison to that of epiblast cells in primary culture (passage 0) (LI, 47 7%) (Fig. 5) . We then investigated the proliferation rate of the phenotypically differentiated cells that spontaneously appeared with time in culture after trypsinization. We found that cells that had spontaneously differentiated 3-5 days after passage 1 showed a lower LI than cells analyzed 1 day after passage 1, which exhibited an epithelial-like morphology (15 1% vs. 26 + 1%) (p < 0.05) (Fig. 5) . Similarly, cells that had spontaneously differentiated 3-5 days after passage 2 showed a lower LI than cells analyzed 1 day after passage 2, which exhibited an epithelial-like morphology (7 + 1% vs. 17 5%) (p < 0.05). The percentage of cells in S-phase was also analyzed in Day 11 epiblast cells after addition of increasing concentrations of hLIF When hLIF concentration was increased from 1000 U/ml up to 5000 U/ml, the percentage of cells in S-phase in primary cultures of Day 11 epiblasts significantly increased (p < 0.05) (LI, 66 2% vs. 47 7%), and this effect was evident as early as the first 2 days in culture. A further increase in hLIF concentration (10 000 U/ml) did not result in a significantly higher LI (LI, 64 + 3%) (Fig. 4) . After 5 days in culture, the LI was also significantly higher when hLIF was increased from 1000 to 2000 U/ml (LI, 35 + 1% vs. 25 + 5%) (p < 0.05). A further increase in hLIF concentration (5000 U/ml) was not significantly effective in further increasing this LI (LI, 40 ± 3%) (Fig. 4) . It is noteworthy that LIs were always higher after 1-2 days of culture, as compared to 5 days of culture, irrespective of the concentration of hLIF used.
We then addressed the effect of RA treatment on the proliferation of Day 11 epiblast cells. Figure 6A shows that the LI dramatically decreased as early as the first day of culture in the presence of RA, compared to the control value, irrespective of the concentration of RA used. The RA . In order to determine whether the effect of RA on Day 11 epiblast cells occurred in cells known to be committed into a differentiation pathway, we also studied the proliferation rate of fibroblasts derived from Day 30 porcine fetuses subjected to RA treatment. Figure 6B shows the evolution with culture duration of the percentage of [ 3 H]TdR-labeled fibroblasts. In contrast to the dramatic effect of RA treatment on Day 11 epiblast cells, treatment of PFF with RA 10 -6 M did not modify the evolution of the LI with time (Fig. 6B) . LI of Day 7 ICM cells (LI, 68 + 2%) was higher (p < 0.01) than that of Day 11 epiblast cells (LI, 47 + 7%) after 1-2 days and even after 5 days in culture (44 + 2% and 25 + 5%, respectively). It is noteworthy that the LI also decreased significantly in Day 7 ICM cells when culture duration was extended from 1-2 days to 5 days (p < 0.05) (Fig. 7) . Some cells derived from Day 7 ICMs were doublelabeled for SSEA-1 and [
3 H]TdR. In this case, the percentage of cells synthesizing DNA was always higher in the SSEA-1-positive cells as compared to SSEA-l-negative cells (Table 3) . We also studied the proliferation rate of Day 7 ICM cells after trypsinization. After 2 days of primary culture (passage 0), ICMs were trypsinized (passage 1) and cultured for 1-2 days in the presence of 1000 U/ml of hLIF; the LI was significantly lower 1-2 days after trypsinization (LI, 43 4%) than just before trypsinization (LI, 68 + 2%) (Fig. 7) . After trypsinization, the LI significantly decreased when culture was extended from 1-2 days (LI, 43 ± 4%) to 5 days (LI, 28 + 5%) (Fig. 7) .
DISCUSSION
Murine ES cells derived from the pluripotential ICM of the preimplantation embryo are capable of proliferating rapidly in vitro in an undifferentiated state. Induction of ES cell differentiation is marked by a decrease in cell proliferation [20] . In the present study, we report evidence that the proliferation rate in cells derived from porcine ICM decreases with time in culture and that this decrease reflects the differentiation state of the cells. The data also show that variations in the proliferation rate depend on the stage of the donor blastocyst and on culture conditions. We first studied cells derived from the epiblast of Day 11 porcine blastocysts. It has been shown previously that epiblast cells within small spherical blastocysts (0-6 mm) have an undifferentiated phenotype [23, 24] . They do not express cytokeratins, which are detected only in the mural trophectoderm [25] . In contrast, in larger blastocysts, epiblast cells have already started to differentiate. They become columnar and polarized [12, 23] . In the present study, all Day 11 blastocysts were spherical (< 10 mm in diameter). Epiblast cells did not show any overt signs of differentiation, as evidenced by the absence of CK8/18 and LN expression. Since LN accumulates at the basal surface of the embryonic ectoderm only at the onset of gastrulation [26] , and mesoderm formation coincides with blastocyst elongation in the pig [13, 24] , we assume that mesoderm
was not yet formed in these spherical blastocysts. Therefore, epiblast and primitive endoderm were the sole components of the ICM at this stage. Furthermore, cells of the epiblast express SSEA-1, which confirms the highly undifferentiated state of Day 11 porcine epiblasts in vivo. This antigen was also detected in murine ES cells. An important observation reported in this paper is the occurrence of differentiation when Day 11 epiblast cells were isolated and cultured on feeder cells in the presence of 1000 U/ml of hLIE These cells not only showed an epithelial-like morphology; they also started to express CK8/18 and LN as early as the first 2 days in culture. A marked decrease in the expression of SSEA-1 was also observed as compared to expression in epiblast cells in vivo. In the mouse, ICM cells have been shown to be negative for cytokeratin filament expression after 3 days in culture [27] or positive after 5 days in culture [28] , depending on culture conditions. In the rat, Carnegie [29] found that ICM cells display strong LN immunoreactivity after 48-96 h in culture. Nevertheless, all these cultures were carried out in the absence of both LIF and feeders, which are necessary for derivation of ES cells and the maintenance of their undifferentiated state. In the culture conditions used in our work, both feeders and hLIF (1000 U/ml) were not sufficient to maintain the undifferentiated state of the original porcine epiblast. Furthermore, as evidenced by [ 3 H]TdR incorporation, proliferation of these cells decreased with time in culture (from 40% to 25%). Several lines of evidence suggest that during culture, Day 11 epiblast cells are first driven from an initial epiblast cell type to other cell types committed to early differentiation. In longer-term cultures, Day 11 epiblasts may then constitute a heterogeneous population of cells committed into various differentiation pathways. Indeed, during the first 2 days in culture, Day 11 epiblast cells show strong similarities, both in terms of expression of markers and in terms of proliferation rate, with primitive endoderm, the first cell type arising from differentiation of the ICM. After 5 days in culture, epiblasts then show similarities to the slowly proliferating fetal fibroblasts. Since the proliferation rate of epiblasts in primary culture markedly decreases with time in culture, we can suppose that, in the original population of epiblast cells that proliferate rapidly, spontaneous differentiation would progressively give rise to an increasing number of cells that proliferate slowly. This spontaneous differentiation could be enhanced by trypsinization of the cells, since the LI dramatically decreased after passage 1 and passage 2. This hypothesis seems to be confirmed by the observation that the LI is lower in a population of spontaneously differentiating epiblast cells. Taken together, these data lead to the conclusion that culture conditions were not satisfactory for the maintenance of the original undifferentiated state of Day 11 epiblast cells.
Day 11 epiblasts were routinely cultured on a monolayer of fetal fibroblasts in the presence of hLIE Previous data have shown that LIF can exert a double action, on differentiation and also on proliferation of the target cells [30] [31] [32] , and can increase the growth of the murine ICM in vitro [33] . Furthermore, it has been shown that a decrease in the concentration of LIF may result in an increase in the number of differentiating ES cells [20, 34] but also in a decrease in proliferation [20] . Here, we report that the proliferation rate of porcine epiblast cells decreases with time in culture, even in the presence of 1000 U/ml of hLIF, the optimal concentration used for the derivation and culture of mouse ES cells [35, 36] . Although a comparison of the LIF protein sequences revealed a high degree of homology between human LIF and porcine LIF [37] , it is possible that the activity of the human recombinant LIF on porcine cells may be lower than the activity of porcine LIF itself and may thus be unable to sustain proliferation of porcine Day 11 epiblast cells in culture. Another possible explanation would be that the concentration of hLIF routinely used (i.e., 1000 U/ml) is not sufficient to prevent differentiation of porcine cells. Indeed, we report that the proliferation rate of porcine epiblast cells is improved by increasing the concentration of hLIF in the culture medium. Therefore, hLIF seems to allow the proliferation of the original epiblast cells when it is added at high concentrations (optimal concentration 5000 U/ml) as compared to the 1000 U/ml used for deriving and propagating mouse ES cells. This increase in the proliferation rate of Day 11 epiblasts with high concentrations of hLIF could indicate a direct effect of hLIF on these cells, since hLIF receptor mRNA has been identified on porcine Day 11 epiblast cells after the first trypsinization [38] . Furthermore, in the pig, LIF mRNA was first found at Day 11 of pregnancy, and LIF activity was mainly detected at Day 12 of pregnancy [39] . This suggests that before implantation, cells of Day 11 epiblast are already exposed to LIF in vivo. Surprisingly, when Day 11 epiblast cells were cultured in the presence of high concentrations of hLIF (i.e., 5000 U/ml), not only did they still express LN and CK8/18 and show no increase in SSEA-1 expression, but they also showed a decrease in their LI with time. Taken together, these data lead to the conclusion that hLIF, on its own, is unable to prevent differentiation and sustain proliferation of porcine epiblast cells in long-term cultures, even when added at high concentration. Therefore, it appears that other factors are necessary to prevent differentiation or allow proliferation of porcine cells, in combination with hLIE As opposed to LIF, all-trans-retinoic acid (RA), the bioactive form of vitamin A, has been implicated in the induction of murine ES and EC cell differentiation, as well as in a decrease in their proliferation rate [19, 20, 40] . Here we observed a change in the phenotype of porcine epiblast cells treated with RA and also a decrease in the percentage of cells in S-phase. Porcine epiblast cells seemed to be highly sensitive to RA, since even a low concentration (10 x M) induced phenotypical change and a dramatic decrease in cell proliferation. Moreover, no difference in LI could be observed between the different concentrations of RA used, as opposed to what has been observed for EC cells [41, 42] . This high sensitivity to RA was also illustrated by a decrease in cell density, which may result from apoptosis in porcine cells treated with RA, as previously reported for mouse EC cells [43] . In contrast, we did not observe this high sensitivity to RA in the slowly proliferating PFE This could indicate that cells committed into a differentiating pathway are not responsive to differentiation inducers like RA, as has been shown in the mouse [20] . It also suggests that porcine epiblast cells in culture are not yet terminally differentiated, since they still respond to RA. RA has also been implicated in the induction of LN and CK18 expression in ES cells and EC cells and in the decrease of SSEA-1 expression [44] [45] [46] [47] [48] . It is noteworthy that in culture, before addition of exogenous RA in the culture medium, porcine cells already expressed LN and CK8/18. Furthermore, the percentage of cells in S-phase in Day 11 epiblasts decreased with time in culture. We could therefore suspect the presence of differentiating agents similar to RA in the culture medium. The expression of the retinol-binding protein in the porcine trophectoderm [49] suggests an action of RA itself on porcine cells specifically at the time of elongation.
The second major observation reported in this paper is that the LI of ICM cells derived from early blastocysts (Day 7 of pregnancy) was higher than the LI of epiblast cells isolated from preelongated blastocysts (Day 11 of pregnancy). Interestingly, it was also very close to the LI of murine undifferentiated ES cells [20] . Furthermore, Day 7 ICM cells could be maintained longer in an undifferentiated state in culture, since they give rise to cells expressing the SSEA-1 antigen in vitro even after 5 days in culture. In vivo, the Day 7 blastocyst is composed only of a core of ICM surrounded by a layer of trophectoderm. ICM cells are irregularly shaped, and they do not display overt polarity [24] . The first differentiation event of the ICM becomes visible only from Day 7 onward, when deeper cells of the ICM form the primitive endoderm [13] . We suggest that the undifferentiated characteristics of Day 7 ICMs in vivo are likely to be maintained in long-term culture, as opposed to Day 11 epiblasts, which are closer to a putative no-return point toward differentiation in vivo. Differentiation of Day 11 epiblasts may be rapidly induced in vitro. It is noteworthy that the morphology of Day 7 ICM cells is quite different from that of mouse ES cells in vitro; the Day 7 ICM cells more closely resemble primate ES cells [50] . Furthermore, CK8/18 expression could be detected in some colonies, and a decrease in the proliferation rate was observed with time in culture and following trypsinization. This observation substantiates the hypothesis that the culture medium was not sufficient to maintain the undifferentiated state of the porcine cells in culture.
In conclusion, our results show that the proliferation rate decreases during culture of porcine cells and that this decrease reflects the differentiation state of the cells. Proliferation rate may therefore aid in the detection of early commitment of porcine embryo-derived cells to differentiation. Our results also present evidence that cells isolated from early blastocysts (i.e., Day 7 ICMs) show a higher proliferation rate than cells isolated from preelongated blastocysts (i.e., Day 11 epiblasts) and are capable of maintaining their undifferentiated characteristics in culture. However, since the proliferation rate dramatically decreased following trypsinization, an alternative to trypsin should be used to disaggregating outgrowths and subculturing the cells. Furthermore, it seems necessary to develop a culture system in which the differentiation of these cells is reduced, for example by neutralizing the action of a differentiating agent like RA, while at the same time providing conditions allowing high cell proliferation.
